ABSTRACT The active charge accumulator (ACA) is a pressure converter device in a water-hydraulic system that is able to increase and decrease pressure without using a pressure-regulating valve. The basic characteristics of ACAs, however, have not yet been sufficiently revealed. In this paper, we experimentally examined the basic characteristics of ACAs with focus placed on how ACAs reduce pressure. This examination has revealed that the piston stroke of ACAs depends on the load flow rate as well as the valve switching timing. We theoretically analyzed these phenomena using a mathematical model. With an analytic model built taking into consideration the compressibility of the working fluid, valve performance level, and other elements, we made a comparison between the analytic and experimental results to verify the validity of our analysis. This comparison revealed that the pressure waveforms in the low-pressure and pressure-conversion sections obtained through the analysis agreed with those obtained through the experiments, indicating that the analytic model was valid.
I. INTRODUCTION
The driving technology that uses tap water as working fluid is a new technology-the fourth technology after conventional oil-hydraulic, pneumatic, and electric driven technologies. Systems consisting of water-hydraulic devices are very clean, as well as safe and secure; they are expected to be used in the areas of food machinery, medical care and pharmaceuticals, beverages, and semiconductor manufacturing.
Studies have been conducted on pumps, control valves, actuators, and other discrete devices designed for waterhydraulic systems, as well as on the driving and control of water-hydraulic systems using an actuator, such as a cylinder or motor. In regard to water-hydraulic pumps, a study has been done focusing on the sliding characteristics of resin and stainless steel in a water-lubricated environment. This study revealed that the elastic force of PEEK when used as the resin material can increase the load capacity of the bearing, making it possible to use the material for waterhydraulic pumps and motors [1] , [2] . For water-hydraulic control valves, experiments and analyses were conducted on static characteristics, such as pressure/flow rate characteristics, and dynamic characteristics, such as frequency response characteristics, by using solenoid proportional control valves designed for water-hydraulic systems; these experiments and analyses revealed that if the balance between the hydrostatic bearing throttle and damping throttle-a structural characteristic of the control valve-is optimized, then even water-a less viscous fluid-can provide stable characteristics [3] - [6] . For the durability of water-hydraulic control valves, it is reported that a practical level of durability can be achieved by checking for the presence of filters for the supply and return lines of the control valve and examining the influence by filtration accuracy to appropriately maintain the working fluid [7] . For water-hydraulic actuators, it is indicated that a low-water-pressure motor of a planetary-gear type can provide excellent torque characteristics, even in a waterlubricated environment by appropriately treating the surface [8] . For water-hydraulic cylinders, a certain seal structure is reported to provide low friction [9] . For water-hydraulic systems, it is reported that by using a water-hydraulic proportional control valve driven by a stepping motor, the angle of a vane-type actuator can be controlled in proportion to input signals of the control valve [10] . With attention focused on energy savings, a power-recovery system, a combining a water-hydraulic motor, flywheel, and accumulator is proposed. This system is proven to be able to achieve an energysaving effect equivalent to an energy-recovery efficiency of approximately 40% by controlling pressure and the number of revolutions through ON/OFF operations of the directional control valve alone and accumulating the energy during the decompression process in the accumulator [11] . It is reported that a multi-axis robot consisting of a water-hydraulic servo valve, vane motor, telescopic cylinder, and other components can provide stable multi-axis control [12] .
In the future, water-hydraulic technology is expected to achieve high power and high-speed control, which are advantages of hydraulic pressure systems; with the added values of safety, security, and cleanliness, the technology is expected to be marketed for applications that use pressures ranging from 1×10 6 Pa or lower, equivalent to tap-water pressure, to approximately 14×10 6 Pa [13] , [14] . The systems used in the target markets for water-hydraulic technology use a combination of oil pressure, air pressure, and electricity as the driving source. The driving forces obtained from these driving sources, if converted into hydraulic pressures, are equivalent to a variety of pressure levels, from high to low. In a typical hydraulic-pressure system, a pressure reducing valve is used to regulate pressure. However, systems using different hydraulic-pressure levels, as mentioned above, involve such problems as upsizing of systems and increases in power consumption caused by the use of multiple pressure sources, and energy losses caused by the use of pressure reducing valves.
As a solution to these problems, active charge accumulators (ACAs) are proposed, which are capable of converting hydraulic pressure from one pressure source into multiple levels of pressures [15] , [16] . Past studies on ACAs, which focused on ACAs designed for oil-hydraulic systems, have revealed ACAs superior ability to control cylinder position and force, and the advantage they offer in regard to reduction of power consumption, compared with systems without ACAs [17] , [18] . On the other hand, if water, which is less viscous than oil, is used as the working fluid, then the concern arises that phenomena may occur that are not seen in oilhydraulic systems and that could affect the performance of ACAs designed for water-hydraulic systems. These phenomena include vibration caused by a stick-slip phenomenon resulting from poor lubricity and surge pressure resulting from a bulk modulus of elasticity higher than that of oil. With these concerns in mind, the authors have conducted experimental and analytical studies of the basic characteristics of ACAs for water-hydraulic systems [19] , [20] . The modeling of ACAs, however, which is essential for the establishment of design guidelines for them, has not yet been completed. The completion is anticipated.
ACAs can selectively reduce and increase pressure. This study focused attention on how an ACA reduces pressure in an assumed system that requires approximately 10×10 6 Pa to drive the main functions such as pressing, and approximately 2×10 6 Pa to drive compact conveyors and cylinders, and other subcomponents of the main functions. This is because no pump for water-hydraulic systems is available designed to handle a pressure of approximately 2×10 6 Pa, forcing high-pressure pumps to be used for low-pressure systems and creating a situation that offers no choice but to use large, high-pressure devices that are not normally required. Therefore, a demand exists for the ACA's pressure reduction function in current water-hydraulic systems, emphasizing the significance of this study to help establish design guidelines for ACAs.
First in this study, we experimentally examined the basic characteristics in the pressure reduction process of an ACA. Next, we compared the experiment results with the analytic results obtained through a theoretically built mathematic model in order to verify the validity of the model. Then, we revealed the effects of the load flow rate and the pressure loss in the piping and other components-the parameters used in the mathematic model that are deemed to be particularly important in applying ACAs to water-hydraulic systemson the performance characteristics of ACAs. The conclusion of this paper will provide a useful tool for predicting performance before putting an ACA into practical use or as a design guideline for ACAs.
II. NOMENCLATURE

III. DWORKING PRINCIPLE AND WORKING MODE OF ACA
A. BASIC CONCEPT OF MULTI-LEVEL PRESSURE CONVERTOR Fig. 1 shows a schematic diagram of a multi-stage pressure converter, the basic concept of ACAs. This system consists of a pump for supplying pressure, an accumulator, and a multi-stage, piston-type cylinder connected with directional control valves. The accumulator is filled with nitrogen gas. The use of an accumulator allows the piston to operate using the expansive force of the accumulated gas without receiving external energy such as electricity, enabling the converter to instantaneously convert pressure. In Fig. 1 , the first stage is the smallest-diameter portion of the multi-stage piston and the ACA has Pressure Chambers a to n separated by the cylinder and piston. The pressure chambers are connected with the pump line at Directional Control Valves a to n, which allow the connection of the chambers to be switched between the pump line and tank line. The pressure chambers are filled with tap water as working fluid. The water from the pump flows through Directional Control Valve 1 to the pump line and the water with pressure converted by the ACA flows through Directional Control Valve 2 to the load side. Switching the connection of a given pressure chamber between the pump line and tank line using a directional control valve allows the system to increase or reduce pressure accordingly. The converted pressure, P p , is given by (1) according to Pascal's principle. In this equation, A gas represents the area at the top of the multi-stage piston, which receives gas pressure, P gs , from the accumulator. The denominator is the total sectional area of the chambers that are connected with the pump line. Letting i = a to n, A i represents the cross-sectional area of each pressure chamber. As the above mentioned operating principles indicate, the ACA reduces and increases pressure by intermittent operation based on opening and closing of these directional control valves, generating pressure pulsation in synchronization with the opening/closing of the directional control valves. To accommodate this pressure pulsation, an accumulator was placed between Valve 2 and the Load. 
B. WORKING MODE OF PRESSURE REDUCTION PROCESS OF 2-STAGE ACA
Fig. 2 schematically shows the structure of the two-stage ACA examined in this study. As described earlier, the authors examined the two-stage ACA, assuming that the system uses a driving pressure of 10×10 6 Pa for the main components and approximately 2×10 6 Pa for the subcomponents. The space in the ACA is divided into Chambers a, b, and c separated by the two-stage piston and a cylinder block. The piston displacement, x, represents the vertical upward distance from the origin (x = 0), the lowest piston location, as a positive value. Fig. 3 shows the water-hydraulic circuit for each operation mode during the pressure reduction process. The circuit has three sections; high-pressure, pressure-conversion, and lowpressure sections. Valves 1 and 2 are the partition of these sections. The both of Chamber a and b are connected to pressure-conversion section as shown in Fig. 3 . The working fluid can come into Chamber b through a check valve from a tank. Chamber c is only connected to an accumulator which is placed on a cylinder. The ACA operates in one of three modes according to the open/closed statuses of Valve 1 and 2: namely, they are the charge, standby, and release modes, as shown in TABLE 1.
Between the accumulator, located in the low-pressure section, and the tank, an orifice is placed to simulate the load resistance of the actuator. The load resistance is adjusted by changing the orifice diameter of the throttle. The resistance is controlled based on the timing of the opening/closing of Valves 1 and 2, Pressure, P L , in the low-pressure section and its thresholds, P min and P max , and the piston position value, x. When P L ≥ P max and the piston position, x < x max , closing Valve 2 and opening Valve 1 lets the water in the highpressure section start to flow into the pressure-conversion section. This state is the charge mode. When the piston position, x = x max , Valve 1 is closed. This is a state in which both Valves 1 and 2 are closed, namely, the standby mode. Then, when P L ≤ P min , Valve 2 opens; due to the balance of the forces that act on the piston, the pressure, P p , in the pressureconversion section becomes equal to the pressure in Chamber c, letting the decompressed water flow into the low-pressure section. While P L > P min , Valve 2 stays open. This state is the release mode. When P L = P min or P max , Valve 2 is closed, bringing the system back to the charge mode aforementioned. Switching among these three states is intermittently repeated through PC-based automatic control. Since the pressure, P L , in the low-pressure section decreases as the fluid is released through the orifice, the switching timings of Valve 1 and 2 are important parameters for the ACA to supply the required flow rate and pressure to the low-pressure section. Fig. 4 shows a schematic plot of x, P P , and P L time traces with regard to a full operation cycle.
IV. EXPERIMENTAL METHOD AND RESULTS
The water-hydraulic circuit is as shown in Fig. 3 above. Defining the flow direction from Pressure Chamber a to the pressure-conversion section and from the tank to Pressure Chamber b as the forward direction, a check valve was placed.
The ratio of the sectional area between Chambers a and b of the ACA is 1 to 5. With the target pressure for the low-pressure section set to 2×10 6 Pa, the pressure for the high-pressure section was set to 10×10 6 Pa. The water in the high-pressure section was supplied by water hydraulic axial piston pump with 15×10 −5 m 3 /rev as the displacement volume. Measurements were made of piston displacement, x; pressure in the pressure-conversion section P P ; and pressure in the low-pressure section, P L . Load flow rate was measured using a gravimetric method. TABLE 2 shows the specification of measurement devices. These devices have suitable characteristics for measurement in this study.
The specification of the A/D and D/A convertor for control the ACA system is shown in TABLE 3. MATLAB/Simulink software is used for the control. Fig. 5 shows the experimental results of piston stroke, conversion section pressure, P P , and low-pressure section pressure, P L . The experiment was conducted for load flow rates of (a) Q out = 5.2 × 10 −6 m 3 /s, (b) Q out = 8.0 × 10 −6 m 3 /s, and (c) Q out = 1.3 × 10 −5 m 3 /s, with P L thresholds P max = 2.03 × 10 6 Pa and P min = 1.97 × 10 6 Pa. The threshold range, P set , is defined as (2) . TABLE 4 shows the orifice diameter under the condition of each flow rate. In the figures, T P , T C , and T S represent the time of the release mode when Valve 2 is opened, the cycle time between the release modes, and the duration of the standby mode (i.e., T C minus T P ), respectively.
P L was used for definition of switching threshold of Valves 1 and 2. The allowable range of P L was controlled 884 VOLUME 5, 2017 FIGURE 5. Experimental result (P max = 2.03 × 10 6 Pa, P min = 1.97 × 10 6 Pa).
within the range between P max and P min . The threshold range, P set , is far larger the non-linearity of pressure transducer as shown in TABLE 2. It is good enough for switching these valves by using these pressure transducers. Judging from the P L time history in Fig.5 , it is shown that Valves 1 and 2 were able to switch accurately by the controller.
P L changes cyclically in agreement with the piston displacement and the pressure, P P , in the pressure-conversion section. In addition, as TABLE 5 shows, as load flow rate increases, the operation mode is more frequently switched. This is because the decrease rate of P L increases, which in turn shortens the standby-mode duration. 6 shows the results after the P L threshold was changed. The experiment used a load flow rate of Q out = 5.2 × 10 −6 m 3 /s, P max = 2.02 × 10 6 Pa, and P min = 1.98 × 10 6 Pa. Comparison with Fig. 5 indicates that, with the decrease in the threshold range ( P set ) from 0.06×10 6 Pa to 0.04×10 6 Pa, the change cycles of piston displacement and pressure in each section became shorter. This is because the smaller range of P L thresholds shortens the time required for P max to decrease to P min , even with the load flow rate unchanged, which consequently shortens the release mode duration.
These results indicate that the supply pressure of 10×10 6 Pa was reduced to 2×10 6 Pa by the ACA and that the pressure change-cycle depends on the load flow rate and thresholds for the pressure, P L . While this paper assumes that P set is 1.5% or 3% of the target reduced pressure, this value must be determined in consideration of the balance with the actual flow rate required to control the actuator. TABLE 6 shows the minimum, maximum and average value of the time for release-mode, T L . The piston in the ACA moves more frequently with increasing the load flow rates, Q out . It is noticed that the fluctuation ratio of T L defined as T L by (3) becomes large with increase of Q out .
This is probably because of that in the release mode, the discharged fluid pressure is not accumulated for the releasing time, it is required longer time for the pressure stabilization. The piston stroke is increased with Q out with change of friction characteristic between the piston and the cylinder due to change of piston motion. As a result, pressures in chambers of the ACA are varied with change of dynamic characteristics of the system. In this paper, the authors does not take into consideration of these dynamic characteristics in the analytical model, because of a model simplification for easier estimation of influence of main parameters on the pressure control by the ACA.
V. ANALYSIS METHOD AND RESULTS
A. ANALYTICAL MODEL
The experimental results described earlier revealed that the change cycle depends on the threshold range, P set , and load flow rate. Since these values must be determined from the actual load operation of the actuator from a practical point of, it is important to simulate the relation between them in designing an ACA. This section describes the analysis method for ACAs and the analysis results. • The pressure, P s , in the high-pressure section, and the tank pressures, P tb and P t , stay constant;
• The density and the bulk modulus of elasticity of the working fluid stay constant (ρ = 1, 000 kg/m 3 , K = 2.2 × 10 9 Pa);
• Possible leakages between Pressure Chambers a, b, and c inside the ACA are ignored;
• A constant flow coefficient for both the forward and backward flows was assumed.
The load flow rate, Q out , is expressed as the orifice flow given by (4) .
where, P L , P t , C out , and A out represent the pressure in the lowpressure section, the tank pressure, the flow rate coefficient of the load orifice, and the orifice area for load, respectively. The flow rate, Q 1 , of the fluid that passes through Valve 1 is given by (5) .
where, P S , P P , C 1 , and A 1 represent the pressure in the highpressure section, the pressure in the conversion section, the flow rate coefficient at the control opening of Valve 1, and the area of the opening, respectively. The flow rate, Q 2 , of the fluid that passes through Valve 2 is given by (6) .
where, A 2 and C 2 represent the flow rate coefficient at the control opening of Valve 2 and the area of the opening, respectively. The flow rate, Q aP , of the fluid that flows into Chamber a of the ACA is given by (7) .
where, P a , A 2 , and C aP represent the pressure in Chamber a of the ACA, the equivalent cross-sectional area of the flow path (regarded as the throttle) into Chamber a, and the flow rate coefficient for the flow path, respectively.
The flow rate, Q bP , of the fluid that flows into Chamber b of the ACA by check valve is given by (8) .
where, P b , A bP , and C bP represent the pressure in Chamber b of the ACA, the equivalent cross-sectional area of the flow path (regarded as the throttle) into Chamber b, and the flow rate coefficient for the flow path, respectively. The flow rate, Q tb , of the fluid that flows into the tank from Chamber b of the ACA by check valve is given by (9) .
886 VOLUME 5, 2017 where, Q tb , P tb , A tb , and C tb represent the pressure in the tank, the equivalent cross-sectional area of the flow path (regarded as the throttle) into the tank from Chamber b, and the flow rate coefficient for the flow path, respectively. In (4) and (5), which give the flow rates for Valves 1 and 2, the area of the control opening is based on the condition given in (10) and (11) below using P L and x.
In these equations, d 1 and d 2 represent the equivalent throttle diameters of the control openings of Valves 1 and 2, respectively.
The pressure, P P , in the pressure-conversion section is given by (12) below, a pressure equation.
In this equation, V P represents the volume of the pressureconversion section.
• P P represents the first order differential of time with respect to P P .
The pressure in Chamber a of the ACA is given by (13) and (14) .
In these equations, V a represents the volume of Chamber a of the ACA and the pipe between Pressure-conversion section and Chamber a of the ACA and V a represents the change in volume caused by the ACA piston displacement. x represents the speed, the first-order differentiation of time with respect to the displacement, x.
The pressure in Chamber b of the ACA is given by Equations (15) and (16) .
In these equations, V b represents the sum volumes of the Chamber b in the ACA and the pipe between Chamber b and the two check valves. V b represents the change in volume caused by the ACA piston displacement.
The gas pressure, P c , in the accumulator of the ACA is given by (17) , considered to be governed by the adiabatic change.
In this equation, N , P gs , P atm , and V gs represent polytropic index (N = 1.4), gas charged pressure, atmospheric pressure, and initial gas volume, respectively. The change in the volume of the accumulator is determined by the piston speed and cross-sectional area, as shown in (18) .
The pressure P L in the low-pressure section is given by (19) considered to be governed by the adiabatic change. The change in volume, V L , is determined by the difference between the flow rate of fluid that comes in through Valve 2 and the load flow rate of fluid that comes out through the throttle, as in (20) . V Lgs represents the initial gas volume in the accumulator.
The equation of motion for the ACA piston is expressed as Equation (21).
where,
x is the second-order differentiation of x with respect to time, representing acceleration and M is the piston mass of the ACA.
In order for the flow rate, Q tb and Q b of fluid that flows into and out from Chamber b of the ACA to have a check function, an arrangement was made so that the fluid would flow only in the forward direction taking into consideration the relations among P P , P b , and P tb . We determined the orifice area for the load flow rates of fluid that flows out from the ACA piston and low-pressure section based on the design dimensions, and determined the others by trial and error, taking into consideration the experimental results. TABLE 7 shows the list of the flow coefficient and cross-sectional area from (4) to (9) in this simulation. 
B. ANALYTICAL RESULTS
As thresholds of the flow rate and pressure that are deemed to have smaller dynamic impacts on the experiment as TABLE 4 shows, we selected the flow rate, Q out , of 8.0×10 −6 m 3 /s, P L threshold P max of 2.03×10 6 Pa, and P min of 1.97×10 6 Pa. VOLUME 5, 2017 Fig . 8 shows a comparison between the analysis and experimental results about the pressures, P P , P L . The broken lines in the chart represent the thresholds of P L . The P P values are also qualitatively the same between the analysis and experimental results. Between these results, the P L values are almost the same, with a difference of 5 % or so. These results indicate that it is effective to model under the accumulator in the low-pressure section with the adiabatic change, and the flow rate, with the orifice.
In the experiment, change time from the release to charge of P P was approximately 4 seconds, which almost agreed with the change time of 3.5 seconds according to the analysis, with a 10% difference. This difference is probably caused by the loss resistance of the flow rate Q aP and the flow rate, Q 2 , of Valve 2. This point will be explained later. 9 shows the analysis and experimental results for the case of flow rate Q out = 5.2 × 10 −6 m 3 /s. The P L condition stays the same, as for Fig. 8 . We examined the effect of the flow rate based on Figs. 8 and 9. The P L and P P values are almost the same between the analysis and experimental results, with differences of approximately 5% for P L and approximately 15% for P P . Cycle time for the P P release mode tends to increase as the load flow rate decreases. The experimental results revealed that the cycle time was 16 seconds, when Q out = 8.0 × 10 −6 m 3 /s. and 26 seconds, when Q out = 5.2 × 10 −6 m 3 /s, which was 1.6 times longer, while the analysis results also showed cycle times of 16.4 seconds and 24 seconds respectively; the latter is 1.4 times longer. This difference is caused by the decreased pressure decline rate in the low-pressure section resulting from a decreased flow rate of the fluid that flows into the tank from the lowpressure section. The analysis results also show a similar tendency, as shown by the comparisons in Fig. 5 . One of the factors that causes the difference between the experimental and analysis results may be variance of the flow rate coefficient depending on the flow rate. Fig. 10 shows the effects of pressure losses for Q aP and Q 2 , when Q out = 5.2×10 −6 m 3 /s, P max = 2.03 × 10 6 Pa, P min = 1.97 × 10 6 Pa as for Fig. 5 . The analysis results show those of the case when the values of C 2 in (6) and C aP in (7) were decreased of 10% compared to those obtained through the analysis results shown in Fig. 9 . They indicate that the change time for P P is almost the same between the analysis and experimental results. These results have revealed that the release time is affected by these pressure losses. More detailed examination of the pressure losses is one of the future challenges. 11 shows the effect of switching timing on P P . The upper chart shows the P L values along with thresholds P max and P min . The lower chart shows P P values under the respective conditions. In Case 1, the P max and P min values are 2.03×10 6 Pa and 1.97×10 6 Pa a, respectively. In Case 2, they are 2.02×10 6 Pa and 1.98×10 6 Pa, respectively. In the latter case, the duration from release to charge completion is approximately 50% shorter and the release cycle is approximately 35% shorter than those in the former case. The experimental results also showed this tendency. The analytical examination also demonstrated that the P L switching timing affects the characteristics of P L and P P .
VI. CONCLUSION
To evaluate the performance characteristics of an ACA during the decompression process in water-hydraulic systems, we checked the characteristics based on experiments and analyzed them based on a mathematical model. The experimental and analysis results indicated that:
(1) ACA system that uses water as the working fluid can generate a load flow by reducing a supply pressure of 10 × 10 6 Pa to 2 × 10 6 Pa;
(2) The pressures in the pressure-conversion and lowpressure sections were almost the same between the analysis and experimental results.
(3) Both the experiment and analysis revealed that change cycle in the pressure-conversion section increases with a decrease in load flow rate.
VII. FUTURE WORK
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